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Abstract 
Some industrial areas require functioning electronics in harsh environments. A solution is to use III-V materials alloys having 
semiconductor, piezoelectric and pyroelectric properties. These materials, particularly nitrides such as GaN or AlN, enable 
advanced design of devices suitable for harsh environment. A structure based on AlGaN/GaN/AlN cantilevers coupled with a 
High Electron Mobility Transistor (HEMT) can act as a mechanical sensing device suited to harsh environments. In this article, 
we present the mechanical modeling of such a device. An analytical and a numerical model have been developed to obtain the 
electrical charge distribution in the structure. A theoretical electromechanical sensitivity of around 3.5 µC.m-2 could be achieved 
for a displacement of several hundreds of nanometers. Both models agree considerably well, presenting less than 5% deviation on 
the whole structure, except near the clamped area, where differences can be explained by particular boundary conditions of the 
numerical model. The topological characterization and numerical modeling allowed the estimation of the equivalent intrinsic 
residual stress in the structure and the stress distribution within each layer. The obtained results enable the use of the analytical 
model for further study of the electromechanical coupling with the HEMT of the structure. 
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1. Introduction 
Gallium nitride (GaN) is known as a wide band gap semiconductor used mainly in optoelectronics but it is also a 
good piezoelectric material with high stiffness coefficients. As such, GaN and III-V nitrides (III-N) materials as a 
whole are of great interest in the field of sensors. From gas to radiation sensors [1-4], this material is particularly 
well studied. III-N materials have also great chemical and thermal stability enabling applications in chemical and 
biosensors [5]. 
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Harsh environments are defined by high temperature (> 600°C) and high pressure (> 10 atm) and especially 
corrosive atmosphere. The particular properties of III-N materials made them good candidates for applications in 
such environments, where silicon based electronics cannot function properly. 
For instance, AlGaN/GaN based High Electron Mobility Transistors (HEMT) operate up to 750°C [6]. By 
coupling such electronic devices with cantilevers constituted of III-N heterostructures, mechanical sensing structure 
can be obtained to monitor parameters such as pressure, strain or acceleration in harsh environments [7]. In this 
paper, we present the mechanical modeling of an AlGaN/GaN heterostructure based cantilever. Our main purpose is 
to understand how the electrical charge is distributed when such a structure is subjected to a mechanical load. 
2. Description of the mechanical sensing device using AlGaN/GaN HEMTs 
The structure considered in our study (see Figure 1(a)) consists in a multilayer free-clamped beam (cantilever) 
composed of AlN, GaN and AlGaN of respectively 300 nm, 2950 nm and 18 nm. The multilayer stack is grown on a 
silicon substrate, the AlN layer is used as a nucleation layer to reduce the intrinsic stress of the structure and to get a 
high quality GaN at the AlGaN interface. The cantilever is formed by dry etching of III-N materials and removing 
the silicon substrate from selected areas. The AlGaN/GaN heterostructure is then used to create a HEMT, ideally 
near the clamped end. The HEMT is passivated with a 400 nm SiN film. Figure 1(b) shows a fabricated cantilever 
with a HEMT. In this paper, the modeled and fabricated cantilevers have 520 µm in length and 100 µm in width. 
The considered mechanical load is an equally distributed force F applied on the free end of the cantilever. 
The sensing capability of the studied structure relies on two principles: the piezoelectricity of III-N materials and 
the electrostatic field dependency of the HEMT. On one hand, when subjected to a mechanical load, the cantilever 
will be deformed, with electrical charge appearing in the structure due to the piezoelectricity of GaN and AlGaN [8]. 
On the other hand, the density of the 2D electron gas (2DEG) existing at the AlGaN/GaN interface is influenced by 
the electrical charge distribution at this interface as well as in the different active layers. In the case of a HEMT, the 
2DEG is the carrier channel between the source and the drain. As a consequence, any modification of the electrical 
charge distribution in the HEMT structure will modify the output of the transistor. The HEMT acts as a piezoelectric 
gauge, monitoring of the stress state of the cantilever. 
Such principle implies a deep understanding of electromechanical response of the cantilever, especially of the 
electrical charge distribution that appears when a mechanical load is applied to the structure. 
3. Modeling of an AlGaN/GaN/AlN heterostructure based cantilever 
In order to study the electromechanical response of the structure described in section 2, two models have been 
developed. A simplified analytical model is described as a first approach and then compared to a 3D finite elements 
model (FEM) of the multilayer cantilever. 
 
Fig.1. (a) Schematic structure of the cantilever structure with the stress-sensitive HEMT at the clamped end; (b) SEM image of a fabricated 520 
µm long and 200 µm wide cantilever  
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3.1. Analytical modeling 
To develop this model, we used the beam theory established by Timoshenko [9]. Since the AlN/GaN/AlGaN 
cantilever is composed of different layers of anisotropic materials, the theory has been adapted by using tensors for 
the description of both the mechanical and piezoelectric properties. Furthermore, the model relies on several 
important hypotheses from the mechanical point of view. First, when an equally distributed force is applied on its 
free end, the cantilever is considered under simple bending, which means it is only subjected to a linear bending 
moment and the shear force derived from it. Second, the multilayer stack is brought down to a single mechanically 
equivalent layer. To obtain the properties of the equivalent material, the mechanical properties of GaN, AlGaN and 
AlN are averaged by taking in account their respective thickness. 
The adaptation of the theory with the described hypotheses provides the piezoelectric polarisation at any point of 
the cantilever. With the coordinates system (Ox, Oy, Oz) as described in Figure 1(a) and the origin in the centre of 
the cantilever cross section at the clamped end, the piezoelectric polarisation generated by the application of a force 
F on a cantilever of length L is as follows: 
 
  (1) 
 
Where I is the area moment of inertia of the cantilever and the coefficients eij and sij are, respectively, the 
averaged stiffness coefficients and the piezoelectric coefficients of the considered materials. As a consequence of 
the chosen hypotheses and the particularities of the studied materials, the only polarisation component of importance 
is Pz, the component along Oz, corresponding to the [0001] axis of the III-N materials. 
3.2. Comparison between analytical and numerical modeling 
A 3D finite element model (FEM) has been developed using ANSYS™ in order to get a more precise description 
of the mechanical structure. This model gives the piezoelectric field distribution on the cantilever from which the 
polarisation can be directly calculated, as shown on Figure 2(a). In order to confirm the analytical results, we 
compare the obtained polarisations from both models on a particular path of interest: along the length of the 
cantilever (0 < x < L), in the centre of the upper surface of the cantilever. A force of 1 µN has been considered in 
this example, resulting in a maximum displacement of 575 nm on the free end of the cantilever. The obtained curves 
are showed in Figure 2(b). 
Apart from the important differences near the clamped area, mostly due to the clamping boundary conditions 
used in the FEM model, both models presents less than 5% deviation. The maximum polarisation is 3.5 µC.m-2. 
 
Fig.2. (a) Distribution of the mechanically-induced electrical field on the upper surface of a cantilever (FEM analysis with ANSYS™); (b) 
Mechanically-induced polarisation obtained with analytical (solid) and FEM (dashed) models for a 520µm long, 100µm wide cantilever; (c) 
Residual stress distribution in a released cantilever obtained by FEM modeling using CoventorWare™ 
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The next step of the sensing structure modeling consists in coupling the electromechanical model with the 
electronic Schrödinger-Poisson model of the stressed AlGaN/GaN HEMT. Our first approach is to get an expression 
of the polarisation to include in the HEMT model. These results show that the developed analytical model is a good 
approximation of the real polarisation that can be used in further study. Nonetheless, the order of magnitude 
achieved for such displacements is small in comparison with the spontaneous polarisation of III-N materials (-0.029 
C.m-2 for GaN [10]). This may make the detection of the variations of stress via the HEMT difficult but cannot be 
confirmed without further study of the sensing structure. 
4. Study of intrinsic and residual stress in fabricated samples 
As seen in Figure 1(b), the fabricated cantilevers are deformed when released. This is due to the residual stress in 
the different layers of the structure, which can be modeled by FEM. Using CoventorWare™, it is possible to obtain 
the same curvature presented by the cantilever by applying an equivalent residual stress to the GaN film. Further, a 
second residual stress is applied to the SiN passivation layer to obtain the same tip displacement than the fabricated 
cantilever. In this way, it is possible to obtain the stress distribution from 140 to 260 MPa on the GaN surface in the 
HEMT region. This result gives only an equivalent residual stress but the knowledge of the order of magnitude of 
the residual stress is important in order to study the electromechanical response of the structure. 
5. Conclusions 
This article introduces an innovative mechanical sensing structure adapted to harsh conditions, using high 
temperature electronics based on III-N materials. The principle itself, involving coupled phenomena of different 
nature, needs a deep understanding of the electromechanical behaviour of AlGaN/GaN/AlN cantilevers. This has 
been done by developing a 3D analytical model whose results have been confirmed by a numerical 3D FEM model. 
This enables further study of the structure, especially the coupling between cantilever mechanics and HEMT 
electronics. On the other hand, the developed FEM model can be used to obtain important values of stress in the 
already fabricated samples that will be later used in the complete model electromechanical model of the structure 
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